INTRODUCTION
It has been shown that heat-induced gelation of salted meat paste results mainly from heatpolymerization of myosin, the major myofibrillar protein. [1] [2] [3] [4] Myosin consists of two globular heads and one rod-like tail, and the roles of the head and tail regions for the heat-polymerization of myosin have been investigated by using either the myosin head portion (subfragment 1 (S1) and heavy meromyosin (HMM)) or the myosin tail portion (rod and light meromyosin (LMM)). [5] [6] [7] As a result, heat-polymerization of myosin was shown to require aggregations of both the head and tail portion. As S1 and HMM readily aggregate upon heating, it convinced us to consider that the head region is important for the gelation of myosin. However, it is not easy to interpret the importance of the tail region, as the rod and LMM hardly form aggregates upon heating. In general, the myosin tail region is considered to participate in the gelation through the helix-coil transition and/or hydrophobic interaction. 5, 6, [8] [9] [10] In order to reveal the roles of the tail region of fish myosins in gelation, we have investigated the basic biochemical and physicochemical properties of walleye pollack myosin and heat-induced conformational changes in its LMM region. 11, 12 The Cterminal 1/3 region of the pollack LMM has been shown to be less heat stable than the N-terminal 2/3 region. 12 Moreover, we have determined the complete amino acid sequence of pollack myosin heavy chain and investigated its structural characteristics. 13, 14 In the present paper, we describe the heatinduced structural changes in pollack myosin, LMM, and HMM, especially in relation to the association of the myosin and LMM at the tail regions. We also show the inhibitory effect of LMM on the heat-induced myosin gelation. ABSTRACT: Heat-induced structural changes and aggregation properties of walleye pollack myosin, light meromyosin (LMM) and heavy meromyosin (HMM) were investigated. According to the circular dichroism (CD) measurement, the a-helix content of the pollack myosin and LMM were estimated to be 72% and 90% at 5°C but decreased to 22% and 21% by increasing the temperature to 60°C with two transitions at 35°C and 50°C, respectively. In contrast, that of HMM decreased gradually from 37% to 33% by increasing the temperature from 5°C to 40°C, and decreased steeply to 20% above 50°C. These results indicate that the decrease in the a-helix content in the myosin molecule upon heating was attributable mainly to the decrease in the a-helix content in the LMM region. In contrast, 1-anilinonaphthalene-8-sulfonate (ANS) fluorescence and light scattering intensity of both myosin and HMM were remarkably increased above 25°C and 35°C, respectively, while those of LMM showed only a slight change even above 60°C. Although LMM alone formed no aggregates detectable by the light scattering measurement, it formed coprecipitates with myosin but not with HMM upon heating at 40°C for 10 min. These facts suggest that LMM bind to the LMM region of the myosin. Further, it was found that myosin gel formed in a test tube by the same heating conditions was significantly weakened by coexistence of LMM. These results suggest that the association of the LMM region of myosin molecules is essential for the heat-induced gelation of myosin.
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a Hitachi 650-10 fluorescence spectrophotometer (Hitachi, Tokyo, Japan) at 15°C. The excitation and emission wavelengths for ANS were 365 nm and 470 nm, respectively. The sensitivity of the photometer was adjusted so that the emission intensity of 0.0025% (w/v) uranine at 510 nm indicates 100 (%) at 365 nm of the excitation light. 16 
Coprecipitation of myosin and light meromyosin
The pollack myosin was mixed with various amounts of LMM and the mixtures were heated at various temperatures for 10 min, and then cooled on ice. The mixtures were centrifuged at 200 000 ¥g for 2 h and the precipitates and supernatant were analyzed by sodium dodecylsulfatepolyacrylamide gel electrophoresis (SDS-PAGE). In a control experiment, LMM alone was heated. Relative amounts of myosin and LMM in both the precipitates and supernatant were determined with a Shimadzu CS-9000 Chromatoscanner (Shimadzu, Kyoto, Japan).
Gelation of myosin
Various amounts of pollack LMM were added to 1 mL of 20 mg/mL pollack myosin in 1 M sorbitol, 0.5 M KCl, 20 mM Tris-HCl (pH 7.5) and 5 mM 2-mercaptoethanol, and the volumes were adjusted to 2 mL with the same solution. The mixture in a test tube of 1 cm inner diameter and 9 cm length was heated at 40°C for 10 min and chilled on an ice water bath for 20 min. Then, the test tubes were turned upside down and a photograph taken in a dark field 10 min later.
Sodium dodecylsulfate-polyacrylamide gel electrophoresis
Sodium dodecylsulfate-polyacrylamide gel electrophoresis was performed by the method of Porzio and Pearson 17 using 10% polyacrylamide slab gel. The gel was stained with 0.1% Coomassie Brilliant Blue R-250 in 50% methanol and 10% acetic acid, and then the background of the gel was destained with 7% acetic acid and 5% methanol.
Determination of protein concentration
Protein concentration was determined by the biuret method 18 using bovine serum albumin as a standard protein.
MATERIALS AND METHODS

Preparation of pollack myosin, heavy meromyosin and light meromyosin
Frozen surimi from walleye pollack Theragra chalcogramma was kindly supplied by Nippon Suisan Co., Ltd, Tokyo, Japan. The pollack myosin, LMM, and HMM were prepared from the surimi as described previously.
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Circular dichroism spectrum
The circular dichroism (CD) spectrum of the pollack myosin, HMM, and LMM was measured using a Jasco J-600 spectropolarimeter (Jasco, Tokyo, Japan) as reported previously. 12 The protein sample was dissolved in 1 M sorbitol, 0.5 M KCl, 20 mM Tris-HCl (pH 7.5) and 5 mM 2-mercaptoethanol and transferred to a cell with 1 mm light-path length. The cell temperature was increased at a rate of 0.4°C/s and held for 2 min beforethemeasurement.The molecular ellipticity was measured at various temperatures regulated with a Jasco PTC-348WI (Jasco) temperature control unit. a-Helix content was estimated from the molecular ellipticity at 222 nm by the following equation: 15 The decreasing rate of a-helix at the appropriate temperature was calculated from two values of neighboring higher and lower temperature.
Light scattering intensity
Proteins dissolved in 1 M sorbitol, 0.5 M KCl, 20 mM Tris-HCl (pH 7.5) and 5 mM 2-mercaptoethanol were heated at various temperatures for 10 min and cooled on ice for 10 min. Light scattering intensity of the sample at 350 nm was measured at 15°C using a Hitachi 650-10 fluorescence spectrophotometer (Hitachi, Tokyo, Japan). 
RESULTS AND DISCUSSION
Changes in CD spectrum of the myosin, LMM and HMM upon heating Circular dichroism of the pollack myosin, LMM and HMM was measured at various temperatures. As shown in Fig. 1a , the a-helix content of the intact myosin estimated from the molecular ellipticity decreased from 72% to 22% by increasing the temperature from 5°C to 70°C with two transition temperatures at 35°C and 50°C. Similarly, the a-helix content of LMM decreased from 90% to 21% with the above same transition temperatures (Fig. 1b) . These transition temperatures of LMM were 7-10°C lower than those reported previously, 12 probably due to the different conditions for CD measurement. In the present study, we measured CD in the presence of 1 M sorbitol as its presence is effective in preventing rapid denaturation of pollack myosin during measurement. In contrast, unfolding of HMM appeared to take place in a different manner from that of the myosin and LMM (Fig. 1c) . Namely, the a-helix content of HMM of 37% at 5°C decreased gradually to 33% by increasing the temperature to 40°C, and then steeply decreased to 20% above 50°C. These results indicate that the decrease in a-helix content of the myosin by the increasing temperature mainly depended on the unfolding of a-helices in the LMM region.
Changes in ANS fluorescence and light scattering of the myosin, LMM and HMM upon heating
Intensities of ANS fluorescence and light scattering of myosin were shown to increase significantly at temperatures above 25°C and 35°C with halfmaximal changes at around 30°C and 40°C, respectively (Fig. 1d) . The ANS fluorescence and light scattering intensities of HMM changed similarly to those of myosin (Fig. 1f) . The fluorescence of LMM showed only a slight increase at around 50°C, but the light scattering intensity was practically unchanged in the range of 15-60°C (Fig. 1e) . These results indicate that the changes in the fluorescence and light scattering intensities of the myosin is mostly dependent on structural changes in the HMM region.
Association of LMM and myosin upon heating
Although LMM showed practically no increase in light scattering intensity by heating (Fig. 1e) , it could be incorporated into the myosin aggregates when heated together with myosin. When LMM alone was heated at 40°C for 10 min, no precipitates were obtained by centrifugation at 200 000 ¥g for 1 h as shown in Fig. 2 . When the mixture of LMM and myosin was heated, LMM coprecipitated with myosin. Furthermore, we recognized that considerable amounts of light chains were released from heavy chains by heating, as previously reported. 19, 20 According to SDS-PAGE and subsequent densitometry, the supernatant of the heated myosin contained considerable amounts of light chains (LC), LC1-3, and the precipitated myosin lost roughly half of the LC2 and LC3 and almost all the LC1 (Fig. 2) . It has been reported that heatinduced aggregation of rabbit myosin occurred with the release of light chains and the loss of the 1148
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T Higuchi et al. 3 Weight ratio of pollack myosin or heavy meromyosin (HMM) to pollack light meromyosin (LMM) in coprecipitates. The mixture of pollack LMM and myosin or HMM was heated and then centrifuged under the same conditions as in Fig. 2 . The weight ratio of the myosin or HMM heavy chain to the LMM in the coprecipitates was estimated by sodium dodecylsulfatepolyacrylamide gel electrophoresis (SDS-PAGE) followed by densitometry. ᭺, myosin + LMM, ᭹, HMM + LMM. Data are the mean ± SD for three measurements. ciation between myosin and LMM occurs in a specific manner, such as intermolecular coiled-coil formation and/or helix-coil transition as reported previously. [5] [6] [7] Further detailed studies of the association between LMM and myosin are underway.
Inhibition of myosin-gelation by LMM
Heat-induced gelation of myosin has been considered to result from not only the aggregation of the head region, but also the network formation of the tail region. [5] [6] [7] As shown in Fig. 3 , pollack LMM was capable of forming coprecipitates with intact myosin when heated together with myosin. Therefore, we examined whether or not the addition of LMM to myosin affects the gel-formation of myosin. LMM or HMM alone did not form the gel LC2 appeared to be responsible for the aggregation through the myosin neck regions of the heads. 20 Thus, this may also be the case for pollack myosin.
In contrast, when LMM and HMM were heated, a slight amount of LMM was coprecipitated with HMM (i.e. less than one-third in case of myosin (Fig. 3) . Taking these results into consideration, it is strongly suggested that LMM can be associated with the LMM region of myosin. LMM was hardly removed from the coprecipitates by washing with 0.5 M KCl (Fig. 4) , indicating that the LMM is not included simply in the precipitates but binds to myosin with fairly high affinity. SDS-PAGE and densitometric analyses revealed that the weight ratio of the myosin heavy chain to LMM in the washed precipitates was approximately 3:0.8-1, corresponding to the molar ratio of approximately 1:0.8-1. This value makes us consider that the asso-at a concentration of 10 mg/mL by heating at 40°C for 10 min (data not shown). As shown in Fig. 5 , the myosin-gel formed in a test tube was retained at the bottom even after the test tube was inverted. However, the gel was gradually weakened and spilled out from the test tube by the addition of an increasing amount of LMM. SDS-PAGE showed that the inhibition of gelation by LMM was not caused by the cleavage of the myosin heavy chain by the remaining activity of a-chymotrypsin in the LMM preparation (data not shown). Therefore, we propose that LMM can inhibit gelation of myosin by inhibiting the network formation of the myosin tails through interrupting the tail-tail interactions. In other words, partially unfolded LMM associates with the unfolded LMM portion of myosin and interferes with the further intermolecular association with the myosin when myosin is heated together with LMM. Therefore, even if the myosin associates at the HMM regions to form aggregates, network formation of myosin may be prevented by the loss of the association ability at the LMM regions, as the network formation requires association at both the head and tail portions of myosin. [5] [6] [7] Previously, we demonstrated that the a-helix of the C-terminal 1/3 region of pollack LMM is more likely to unfold than that of the N-terminal 2/3 region by heat treatment. 12 We are now investigating which region is more responsible for the association of the myosin tails.
